A simple galvanostatic circuit methodology is reported allowing the capacitance of an electrochemical electrolytic capacitor to be accurately measured, without recourse to expensive instrumentation. The method avoids problems found in current electrochemical impedance spectroscopy analysis, which give rise to profiles that may result in false or inaccurate derivation of the electrolytic capacitance. The advantages of this approach are that the circuit is easy and cheap to fabricate. The system is linear, regardless of the texture of the electrode and the type of electrolyte, and the measurement is direct so that no presumable equivalent circuit model is required. Such work is highly important for those developing new materials in energy storage, as it allows the reliable measurement of capacitance to be achieved without the need for expensive or complex instrumentation. This paper also highlights that users are more informed through checking capacitances using a variety of techniques, though such a circuit could in theory eliminate the need for affirmation of values utilising other electrochemical methods/techniques.
Introduction
As a result of the ever-increasing energy needs of modern society, and escalating environmental concerns, it has become imperative to discover new and innovative energy systems, because it is evident that conventional technologies, such as batteries, offer inept solutions for new market applications.
1,2
Electrochemical supercapacitors are passive and static electrical energy storage devices, utilized in applications such as memory backup systems, portable electronics, and high power devices such as hybrid/electric vehicles, where rapid charging and discharging is of fundamental importance. 3 They are relied upon to store energy, while offering transient, but extremely high, powers, beyond those accessible by a typical battery and are important for next generation energy storage devices, delivered over a short period of time. 4 Capacitance is a measurement of the stored charge ratio between two conducting bodies, separated by a dielectric material, resulting in the formation of an electrostatic eld once a potential is applied. All capacitors incur various losses, such as resistance in the conducting bodies or leads, current leakage, and dielectric absorption. Such parameters have a signicant impact upon the power factor of a capacitor. 5 Theoretically, an ideal capacitor would demonstrate a power factor of zero; however the losses listed above result in power factors of realistic capacitors to be more than zero. The average power factor of a high quality capacitor would be 2-3%.
As pointed out by Autolab®, the capacitance and Equivalent Series Resistance (ESR) of a supercapacitor can be determined by obtaining its charge/discharge cycle. These parameters can be measured using chronopotentiometry, Cyclic Voltammetry (CV), or with Electrochemical Impedance Spectroscopy (EIS). The latter has become a powerful tool for electrochemists, because it is capable of characterising the electrical properties of materials and their interfaces. 6 Though EIS is a non-intrusive and highly sensitive technique, it necessitates basic but vital precautions, which are oen overlooked, to obtain error-free data. Despite this, EIS is still used to determine the capacitance of supercapacitors.
7-10
EIS measurements involve the imposing of an electric potential with a specic frequency at a working electrode. The potential consists of two components: a time-independent Direct Current (DC) potential; and a periodically oscillating potential with a small amplitude, which is typically less than 10 mV.
11-13 Such a potential results in the production of a measurable current. Electrochemical impedance is dened as the ratio between the amplitudes of the oscillating potential (between the working and reference electrodes) and the oscillating current, and is measured as a potential drop over a precision resistor, in series with the cell. The cell properties, electronic device characteristics, or design restrictions, may have a signicant inuence on the potential and current measurements, which affects the accuracy of EIS measurements.
Such an inaccuracy remains the source of controversy 14 where EIS is concerned. For example, Lufrano et al. observed that the capacitance of carbon composite Electronic Double Layer Capacitors (EDLC), measured in H 2 SO 4 using EIS, were greatly reduced compared to capacitances measured using galvanostatic charge/discharge. 15 Many hypotheses have been proposed to explain this observation, [16] [17] [18] [19] [20] [21] [22] [23] [24] but there is still no clear or denitive explanation that accounts for the observed discrepancies. It is noteworthy that some texts believe capacitance measurements using EIS to be erroneous by approximately 20%.
25,26
Herein, we highlight the nature of these limitations and report a novel yet simplistic circuit, that offers a huge benet by overcoming non-linear capacitative discharge and thus making capacitance measurements using EIS more accurate. The overall cost of construction of the circuit (<£5) is insignicant in comparison to the advantages tendered.
Experimental
All chemicals used were of analytical grade and were used asreceived without any further purication and were obtained from Sigma-Aldrich (UK). All solutions were prepared with deionised water of resistivity of no less than 18.2 MU cm.
Voltammetric measurements were conducted using a mAutolab III (ECO0Chemie, Netherlands) potentiostat. All measurements were conducted using a three-electrode cong-uration, comprising of a screen-printed carbon electrode on a exible substrate, consisting of a carbon working electrode (9 mm diameter), a carbon counter, and an on-board Ag/AgCl pseudo-reference electrode. Connectors for the efficient connection of the screen-printed electrodes were purchased commercially from Kanichi Research Services.
The electrical circuit consists of a 500 mF electrolytic capacitor, situated between the two electrodes. Precision resistors (in the order of kU) are placed between the counter and reference contacts, and the working connection and its corresponding electrode.
Theory
In Electrochemical Impedance Spectroscopy (EIS) experiments, the electric potential, j, imposed at the electrode is a harmonic function of time, t. This produces a harmonic current density, J, providing the amplitude of the harmonic potential is small (typically 10 mV). The complex electrochemical impedance, Z, is expressed in terms of the phase angle, f, and the imaginary component, i:
where Z 0 and Z 00 are the real and imaginary impedance components, respectively. Derived from EIS, the resistance, R, and capacitance, C, components, per unit of surface area, are given by:
11,27-30
where f is the frequency of the applied potential harmonic. The resistance and capacitance for a given frequency are retrieved from the in/out phase components of the measured electrochemical impedance. 11, [27] [28] [29] The phase angle oen used in calculations is dened as the phase shi by which the current is ahead of the potential.
In terms of the measuring of capacitance utilizing EIS, eqn (2) is commonly applied, in conjunction with an experimental model of the electrical double layer (Fig. 1A) . Such double layers, formed at the electrode|electrolyte interface, involve a simple RC circuit consisting of a resistor and capacitor in series, or for the case of the double layer coupled with diffusion layer capacitance, Fig. 1B is a more accurate representation.
In RC circuits, the capacitance is assumed to be either constant, or dependent only upon frequency. 27 However, computational studies have established that the specic capacitance also varies harmonically. 26 Consequently, the assumptions used for the equivalent RC circuits in EIS experimentation are invalid when representing the charging dynamics of the electrical double layers at high frequencies, instilling an integral limitation to RC circuits and EIS analysis. Thus, more complex RC circuits, 5, 31, 32 or transmission line models, 5,33-37 have also been developed through the introduction of additional circuit elements to represent double layers. Experimental EIS data is then tted to these models in order to retrieve the resistance and capacitance values. These models are not without aw; it is possible for two diverse models to produce the same impedance response. Furthermore, the resulting impedance expression gives little or no direct Fig. 1 Schematic of (A) the electric double layer structure, displaying the arrangement of ions present at the electrode|electrolyte interface. Shown below is the computational electric circuit models of the electric double layer and diffuse layer capacitances in series (B), and the equivalent RC circuit used in EIS, (C).
information about the physical meaning of the elements that constitute the models.
Previous studies have illustrated that RC circuits can accurately represent the linearized model when both the potential and the electrolyte concentration are low. [34] [35] [36] [37] [38] [39] [40] Consequently, EIS measurements appear to be inadequate for the determination of the double layer capacitances for 'real' applications, where both concentrations and DC potentials are typically high, such as those found at electrochemical capacitors developed for energy storage applications. 14, 23, 24, 32 In dilute electrolyte environments, EIS simulations overestimate the electric double layer capacitance, while the converse is found for concentrated electrolyte solutions. This substantiates existing experimental observations, which report discrepancies between EIS measurements [14] [15] [16] [17] [18] 23, 24, [31] [32] [33] and other techniques such as CV and galvanostatic charge/discharge. It has been well documented that for large direct current potentials (conditions typical to the energy storage mechanisms of EDLCs), the series RC circuit used in EIS to model the electric double layer (Fig. 1C) is not valid. Consequently, more dependable and consistent techniques such as CV or galvanostatic charge/discharge should be favoured in dening the double layer capacitance.
14,23,24,32
Herein, we discuss the physical considerations and model extraction parameters, which may have a signicant impact on EIS experiments.
Linearity of electrochemical systems
Within a typical potentiostatic measurement, the input is the potential and the output is the current; however doubling the potential doesn't necessarily double the current, thus making such systems non-linear. However, if a small enough segment of the current versus voltage curve is taken under consideration, it can appear to be linear as shown in Fig. 2 . As mentioned previously, EIS applies a small Alternating Current (AC) signal to the cell, producing a system that appears to be pseudo-linear, but still large enough to measure a response. Linear dependence of capacitance upon voltage is an approximation which improves the modelling precision by 10% compared to constant capacitance approximation. 41 This small-range applied potential does unfortunately make some EIS experiments erroneous, because probing such a small area doesn't give a clear picture of surface phenomena. However, it is the best model to use in the case of EIS.
Steady state systems
EIS analysis takes time (oen hours). The system must be at a steady state throughout the time required to measure the EIS spectrum; a common cause of problems in EIS analysis is dri in the system being measured.
6,29 Reaching a steady state can oen be difficult to achieve, due to alterations in the system caused by adsorption of solution impurities, production of oxide layers, reaction of products in solution, coating degradation, or even temperature uctuations.
Electric circuit elements
EIS data is commonly analysed by tting the spectrum to an equivalent circuit model. The elements that comprise these circuits are typical electrical elements such as resistors, capacitors, and inductors. For such models to be practically relevant, the elements in the model should have a basis in the physical electrochemical cell; for example, most models contain a resistor that models the electrolyte resistance. Very few electrochemical cells can be modelled using a single equivalent circuit element to obtain a reasonable t. Instead, EIS models typically consist of a number of elements in a network.
6,29,42-46
However, when capacitors are connected in series, impedance increases, resulting in a decrease in the capacitance. This is caused by the inverse relationship between capacitance and impedance. Circuit models are highly dependent upon the surface characteristics of the electrodes; thus electrodes have to be well characterized and understood prior to investigation.
Electrolyte resistance
Resistance offered by the electrolyte solution is oen a signi-cant contributor to the impedance of the cell. 29 A modern potentiostat compensates for the solution resistance between the counter and reference electrodes. However, the resistance between the reference and working electrodes must be considered when a cell is modelled. The resistance of an ionic solution is dependent of the concentration, type of ions, temperature, and geometry of the area in which the current is transferred. Unfortunately, most electrochemical cells do no contain a uniform current distribution through a denitive electrolyte area. Thus, a major problem in calculating the solution resistance concerns the determination of the current ow path and the geometry of the electrolyte that transmits the current.
Charge transfer or polarization resistance
When the potential of an electrode is forced away from its open circuit, the electrode is deemed to be polarized, causing current to ow through electrochemical reactions that occur at the electrode surface. The ow or rate of current transferred is controlled by the kinetics of the reactions, the diffusion of reactants towards or away from the electrode, temperature, and the potential. The resistance of such processes is simply derived by the Ohms law relationship.
Diffusion
The impedance due to diffusion is represented by the Warburg element, and is dependent upon the frequency. The electric eld due to the frequency affects the diffusion layer and the rate of diffusion, so that at low frequencies, the impedance of the system increases.
Constant phase elements
In contrast to a dielectric capacitor, the electric double layer capacitance of porous electrodes is known to depend upon frequency. Capacitors (including double layer) oen do not display ideal behaviour; instead, they act like a Constant Phase Element (CPE). The impedance of a capacitor/CPE can be described as:
where Q is the experimentally observed capacitance, u is the angular frequency, and a is generally a value between 0.9 and 1 (a ¼ 1 for an ideal capacitor). Several theories have been proposed to account for the observed non-ideal behaviour of the double layer. 29 The origin of the so-called "capacitance leakage" observed at the electrode material 28,47-52 has been attributed to various phenomena such as surface defects, 52 surface roughness, 28,49-52 pore size distribution, 47, 48 and specic ion adsorption, 28,51 amongst others.
Modelling overview
In EIS modelling, the electrical components within the model and their interconnections determine the shape of the model's impedance spectrum. The model's parameters also have a direct impact on the size of each feature within the spectrum. The factors inuence the degree to which the tted/modelled impedance spectrum matches the measured EIS spectrum.
6
In a physical model, each component that makes up the model is postulated to come from a physical process in the electrochemical cell. Knowledge of the cell's physical characteristics will inuence the choice of model applied to a given system. Experienced EIS analysts are able to use the shape of a cell's EIS spectrum to select a model for that cell. Models can also be partially or completely empirical. 29 In this case, the circuit components are not assigned to a physical process in the cell; instead the model is a 'best' possible match between the model's impedance and the actual measured impedance. This is performed via non-linear least square tting, but can in some cases yield imperfect agreements with respect to experimental data. There are a plethora of models which can be tted to a spectrum, which give totally different results for the capacitance values. It is therefore imperative that a model is used in line with an appropriate understanding of the electrode surface characteristics, which are analyte specic.
Simple Randles cell
Since the ideal capacitor rarely/does not actually exist in reality, many models are used to describe the system under investigation. The simple Randles cell is probably the most common cell model, which contains a solution resistance, a double layer capacitor, and a charge transfer (or polarization) resistance. The double layer capacitance and charge transfer resistance are parallel to each other. Although useful in its own right, the simple Randles circuit is the basis for many more complex models. Fig. 3B displays a circuit representation of the electrolytic capacitor where R leakage denes the leakage resistance, R ESR is the equivalent series resistance and L ESL is the equivalent series inductance.
EIS spectra of real devices seldom give relevant information about leakage resistance, as its effects are seen at impractical low frequencies. At higher frequencies, the simple model's 0 phase prediction is never actually met. Poor ts of actual capacitors to the Randles model can be a result of electrode porosity, resulting in non-uniform access of electrolyte towards the electrode surfaces, along with the occurrence of Faradaic reactions. Thus, simple resistor and capacitor models are not appropriate.
Galvanostatic DC analysis
A potentiostat applies a voltage between the reference electrode and the working electrode, forcing the working electrode to move to a more electropositive or electronegative region, in order to force the electrochemical reaction of any redox compound present in the solution. The applied voltage is fed through an OPerational Amplier (OPA), which constantly monitors and ensures that the voltage source is constant between the working and reference electrodes. In the case of changing conductivity (impedance caused by transport phenomena occurring at the electrode surfaces during electrochemical reactions), the voltage values at the working electrode surface uctuate in comparison to the original value; thus the OPA compensates by feeding the circuit with a correction voltage. The correction voltage is applied through the reference electrode, in order to eliminate the potential difference between the applied and effective voltage, resulting in a current ow, which is measured through a precision resistor (R m ). A simple schematic circuit of a potentiostat is presented in Fig. 3A .
5
The introduction of an electrode to a solution generates an interface; this interface adds impedance to the circuit. Additionally, the counter, reference and working electrodes each carry their own impedance. Therefore the capacitance measurement of the working electrode is not entirely accurate. The impedance incurred through the necessary use of a counter and reference electrode is eliminated via the use of and electrolyte in the solution. Unfortunately, electrolyte characteristics vary, so this has to be considered when KCl (considered the optimum electrolyte) isn't used. The counter electrode also introduces another electrochemical reaction which is not usually considered when measuring the capacitance of a working electrode.
Results and discussion
In this paper, we present a new circuit, which tenders an alternative, non-destructive solution to many of the problems discussed previously (see above), along with enhancement to typical galvanostatic analysis of capacitance. The circuit eliminates the interferences and impedance introduced by both the counter and reference electrodes. Precise resistors are introduced in series between: (1) the reference and counter contacts; and (2) the working electrode connection and its corresponding electrode, which limits the rate at which the charge reaches the capacitor. A variable capacitor, exhibiting a similar capacitance to the supercapacitor under investigation, with a known, highly accurate value, is the introduced in series with these connections. This forces the system to become linear upon analysis. Furthermore, it offers improved control over the upper voltage limits, as extreme or elevated voltages may source irreversible electrochemical reactions at the electrode surfaces. Parallel to the variable precision capacitor are two connections where 'ideally' two similar working electrodes are connected. The two working electrodes are then placed in the electrolyte solution; a schematic representation and its position within the potentiostatic system are provided in Fig. 4 and 3C , respectively.
The total capacitance measured for the circuit (using a DC power supply) is given below:
and
so
where Q is the total charge, V is the circuit potential, and I is the charging current. Thus, the total capacitance is equal to the current divided by the slope of a plot of V versus t. Aer calculating the total capacitance using the setup in Fig. 4 , deduction of the capacitance contribution tendered by the working electrode under investigation, can be calculated via the following equations:
therefore
where C WE is the capacitance exhibited by the working electrode and (dV/dt) is the slope of voltage versus time. On many occasions, the slope of V versus t does not have a standard value (i.e. the slope is non-linear) and thus it is difficult to measure its true value. Such a response is shown in Fig. 5A . The addition of the known value capacitor is for this exact purpose: to produce a linear slope, thus allowing the value of dV/dt to be constant throughout and easily measureable. The variable capacitor is adjusted to such a value that produces a linear plot of V versus t for the examined system, dominating that of the predicted capacitance value produced by the unknown working electrode (i.e. the same order of magnitude, mF/mF/F etc.). The specic capacitance of the capacitor is given by: where m is the mass of the active substances of the electrode material. The specic power, P, of the capacitor is:
and the specic energy of the capacitor is:
Galvanostatic analysis of a carbon Screen-Printed Electrode (SPE) in 3 M KOH at 0.1 A g À1 without (Fig. 5A ) and with (Fig. 5B) the new incorporated circuit, resulted in a capacitance measurement of 1 and 24 F g À1 , respectively, for identical electrodes. A noticeable improvement in the linear slope of V versus t is clearly shown, thus permitting a more accurate analysis of the capacitative characteristics to be established. The improvement in data analysis was seen for various electrode systems. According to Wang and Pilon, 26 there are two capacitance forms of a supercapacitor: the differential C diff , usually retrieved by EIS; and the integral C int , which corresponds to the theoretical value. According to the authors, "EIS measures differential capacitance rather than integral capacitance, while CV and galvanostatic methods can measure both differential and integral capacitances. Similar confusion exists in the literature on electrical energy storage devices and may explain discrepancies reported when measuring the capacitances of supercapacitors using EIS, CV, or galvanostatic methods." The differential and integral capacitances are dened as:
where Q s and j s are dened as the surface charge density and surface potential, respectively. The formulae used for the measurement of the differential and integral capacitances by EIS, CV, and galvanostatic methods are summarized in Table 1 .
It is important to note that for the galvanostatic method, the calculated capacitance values are identical only when the measured electrical potential varies strictly linearly with time. In most published papers on supercapacitors, the values of the integral capacitances are typically published and this occurs for two reasons: (1) the integral capacitance directly represents the total charge storage performance of supercapacitors; and (2) the surface potential is the variable directly measured in the galvanostatic method, not the change in potential with respect to 
This journal is © The Royal Society of Chemistry 2015 time. The two capacitance values measured by galvanostatic methods would be identical only in the case of a linear plot of the electric potential versus time, which is not very common. Thus, a linear plot of the electric potential versus time would solve one of the biggest issues on supercapacitor characterization; the innovation of the new suggested circuit is exactly that.
The use of commercially available electronic components, such as non-polarized electrolytic capacitors, has shown a behaviour of an "ideal" capacitor in terms of galvanostatic and voltammetric methods, as shown in Fig. 6 . The term "ideal" capacitor refers to the ideal cyclic voltammograms and charge/ discharge graphs; i.e. the voltammograms exhibit polarized electrode behaviour, and the charge/discharge graph exhibits a triangle shape. The triangle shape of the charge/discharge cycle gives more accurate results with respect to the calculation of the electrode capacitance, since
where dt/dV is the reciprocal of the slope of the charge/ discharge cycle. The measurement of the slope, as shown from the equation, is important in the accurate calculation of the capacitance. If the slope is a straight line, then it is easy to quantitatively measure the slope, and so the 1/slope, and nally the capacitance of the capacitor. However, in many cases, the charge/discharge cycle gives a graph of abnormal curves such as the one shown in Fig. 7 . Fig. 8 shows how different users will calculate the slope of the graph. Each person can give a different slope which cannot be questioned for its decision. This creates an unclear area on the calculation of the capacitance of a capacitor. This common phenomenon faced by every researcher in the eld has been overcome by the introduction of the new circuit, which helps improve the interpretation of the results without affecting the true behaviour of the supercapacitor. The ideal behaviour of "ideal" capacitors available commercially led to introducing the circuit, which helps calculate the capacitance with high accuracy and without any doubt as to the interpretation of the results. If the tested capacitor/supercapacitor is connected with one or more ideal capacitors, it is quite possible that the response of the whole circuit could improve, and even approach the behaviour of an ideal capacitor. This is the basis of the approach reported here.
Usually, the capacitance of a supercapacitor has a value in the range of Farads. The capacitance of a normal "ideal" capacitor ranges from sub micro-to hundreds of micro-Farads, which means that compared to the supercapacitor values, they store at least a million times more charge than the "ideal" capacitor. It is clear that, in such a case where said capacitors are connected in series, the behaviour of the supercapacitor will still dominate versus the behaviour of the ideal capacitor, so the response of the total circuit will look more like the response of the supercapacitor itself.
Before continuing to further this approach, it is a good time to explain some basic principles on capacitor connections and the calculation of the total capacitance. A specic example is used, with three capacitors, which illustrates how the circuit could signicantly improve the interpretation of the results. In this example, a supercapacitor with a value of 1 F (C supercapacitor ) and two commercially available capacitors with values of 470 mF (C 1 ) and 100 mF (C 2 ) are used. These capacitors are connected in three ways. The rst case is where the capacitors are connected in parallel, as shown in Scheme 1. In this case, if C Total is the capacitance of the equivalent circuit capacitor, then:
The total charge stored in the equivalent circuit case would have been:
but since the voltage of each capacitor is the same, as per eqn (17) , it follows that Fig. 6 The "ideal" voltammetric (top) and charge/discharge (bottom) graphs for a non-polarized electrolytic capacitor (470 mF; 220 V; 100 mA charging current for galvanostatic charge/discharge). and nally
In this example, C Total equates to the sum of the capacitances of the three capacitors; 1 000 570 mF z 1 F. Therefore the total capacitance of the circuit would have a value close to the value of the supercapacitor. Thus, the problems mentioned previously would still exist! The experimental error for this case was 0.057%, that is, the experimentally observed capacitance using the circuit was 0.057% different, on average, than the theoretical capacitance of 1 000 570 mF.
The second case is where three capacitors are connected in series, as in Scheme 1. In this case:
and nally
In this example, the total capacitance of the series circuit using eqn (25) equates to 82.45 mF. The equivalent total capacitor in the second case is closer to the capacitance value of the smallest capacitor, C 2 , and thus the dominant behaviour is that of C 2 , and the effect of C supercapacitor is minimized. The experimental error of 17.55% in this case was much higher than in the previous case. It is clear that at low values of capacitance, the circuit's behaviour is affected more by other components of the circuit.
The third case is presented in Scheme 2, where the capacitors are in both series and parallel. In this case, the total circuit is divided into two individual parts: (1) C 2 with C supercapacitor , which is collectively labelled the C 2S capacitor; and (2) C 2S with C 1 , which will give C Total . The C 2S contribution is derived from both the C 2 and C supercapacitor elements, which are in parallel, and therefore:
This estimates the capacitance of the C 2S element to have a capacitance of 1 000 001 mF z 1 F. Then, for the total capacitor:
which estimates C Total to be 469.78 mF z 470 mF. In this case the total capacitance of the equivalent circuit is closer to C 1 , and thus the behaviour of the circuit will be closer to the case of C 1 (very close, in fact!). Fig. 8 Three different gradients which could be potentially used to calculate the capacitance from the same charge/discharge cycle, which would estimate radically divergent capacitances (100 mA charging current).
Scheme 1 Capacitors connected in parallel (top image) and series (bottom image).
Finally, Fig. 9 depicts an example of the types of curves one could expect from a case where this circuit is used and another case where it is not. The graph shows that the calculation of the 1/slope is more accurate when compared with the variable 1/ slope values when the capacitor is tested in the usual way.
Conclusions
EIS is typically used for characterising the electrochemical behaviour of energy storage devices. Several authors propose electric models, based on a 'best t' approximation that describes the electric behaviour of a supercapacitor, but the models do not take into account their dynamic behaviour. Consequently, the 'true' behaviour of the capacitor is masked. This paper has presented a new galvanostatic circuit that enhances capacitance analysis through improved interpretation of results, by creating a linear slope of V versus t. The direct measurement of capacitance means that there is no model interpretation based on a 'best t'. Rapid testing allowed for steady state experimentation, negating the dynamic tendencies of some supercapacitors, while eliminating the impedance sourced from interfaces found at the surface of the counter and reference electrodes, in the case of EIS. This paper has highlighted that users are more informed through checking capacitances using a variety of techniques, though such a circuit could in theory eliminate the need for affirmation of values utilising other electrochemical methods such as cyclic voltammetry. Given the low cost of fabrication (less than £5; all parts are commercially available) it is expected that this will be adapted as a facile and accurate method with which to accurately measure capacitance by those developing new materials for use in supercapacitors.
